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Single-stack InAsSb self-assembled quantum-dot lasers based on~001! InP substrate have been
grown by metalorganic vapor-phase epitaxy. The narrow ridge waveguide lasers lased at
wavelengths near 2mm up to 25 °C in continuous-wave operation. At room temperature, a
differential quantum efficiency of 13% is obtained and the maximum output optical power reaches
3 mW per facet with a threshold current density of 730 A/cm2. With increasing temperature the
emission wavelength is extremely temperature stable, and a very low wavelength temperature
sensitivity of 0.05 nm/°C is measured, which is even lower than that caused by the refractive index
change. ©2004 American Institute of Physics.@DOI: 10.1063/1.1640467#

Semiconductor lasers based on quantum dots~QDs!
have attracted considerable effort due to their superior physi-
cal properties expected from three-dimensional confinement.
While most of the work has been focused on the InAs/GaAs
material system at wavelength of 1.3mm,1–3 and InP-based
InAs QDs to obtain light emitters in the telecom wavelength
region (;1.55mm).4 Recently, attempts to use InAs nano-
structures based on InP substrates to extended the wave-
length further into the infrared region of 1.8–2.3mm are
attracting more attention, where lasers are attractive for ap-
plications in molecular spectroscopy, remote sensing of at-
mospheric and planetary gases as well as lidar atmospheric
detection and ranging. InAs QDs and quantum-dash lasers
have been demonstrated recently at various wavelengths
from 1.60 to 2.04mm.4–7 Usually large InAs QDs are re-
quired for long emission wavelengths; dislocations are some-
times inevitable due to the strain energy relaxation. There-
fore, the performance of the InAs QD lasers, especially in the
wavelength region of 2mm, is still limited and room tem-
perature cw operation is not yet realized.

InSb and InAsSb are the smallest band gap binary and
ternary in conventional III–V semiconductor material family,
and it has been long thought that InSb and InAsSb nano-
structures could be used to achieve midinfrared emissions.
InAsSb QDs on GaAs were grown to obtain near 1.3mm
emission,8 photoluminescence~PL! at wavelength of 3.5mm
was reported for InSb QDs in InAs matrix,9 and InSb QDs of
density as high as 431010/cm2 has been achieved by
molecular-beam epitaxy.10 Nevertheless, typical InSb QDs
self-assembled using metalorganic vapor-phase epitaxy
~MOVPE! have area density of usually less than 5
3109/cm2.9 We have self-assembled high density InAsSb
ternary QDs based on InP substrate using MOVPE by creat-
ing a local nonequilibrium process and reducing the mobility
of In adatoms on the growing surface.11 Efficient PL in the
wavelength range from 1.7 to 2.2mm has been observed at
room temperature.

In this letter, we report lasing characteristics of single-

stack InAsSb QD lasers based on InP substrate. The 5mm
ridge waveguide lasers were operated in cw at wavelengths
near 2mm up to temperature of 25 °C. A differential quan-
tum efficiency of 13% is obtained at room temperature, and
the maximum output optical power reaches 3 mW per facet
with a threshold current density of 730 A/cm2.

The InAsSb QD lasers were grown on~001! InP sub-
strates using low-pressure MOVPE. Trimethylindium, trim-
ethyantimony, triethylgallium, AsH3, and PH3 are used as
precursors, and H2 as carrier gas. Growth temperatures were
in the range of 500– 550 °C for the InAsSb QD layers, and
625 °C for the rest of structures. Details about InAsSb QDs
growth conditions have been described elsewhere.11 The la-
ser structure consists of a single-stack InAsSb QDs self-
assembled in a slightly tensile-strained~less than20.5%
mismatch! InGaAs quantum well with thickness of 7 nm,
which is further sandwiched between 150 nm InGaAsP (lg
51.35mm) and 1.5mm InP cladding layers on both sides,
and finally a 200 nm InGaAs contact layer. Room-
temperature PL measurement showed a ground-state peak at
1.98 mm at the edge of a 2 in. wafer with a spectral full
width at half maximum of 34 meV, indicating a good homo-
geneity of the QDs. Based on atomic force microscopy scans
on uncapped reference samples, the InAsSb dots have an
average lateral size of around 35 and 4 nm in height with an
area density of 431010/cm2, as shown in Fig. 1, which in-
dicates that the InAsSb QDs are usually smaller than typical
InAs QDs on InP substrate at emission wavelength near 2
mm.12

5 mm ridge waveguide lasers were fabricated with cavity
lengths between 0.5 and 1.5 mm with both facets left un-
coated. The lasers are tested in bar form using a temperature-
controlled probe station with an epitaxial-side-up configura-
tion. The thermal impedance is negligible between a laser bar
and the copper block, provided large contact area of a laser
bar. The optical output power was measured with a thermo-
pile power meter. The emission spectra were obtained by
focusing the output optical beam onto the entrance slit of a
monochromator.

Ground-state cw lasing has been achieved at room tem-
perature for cavity lengths of 1 and 1.5 mm, with the lasinga!Electronic mail: yueming.qiu@jpl.nasa.gov
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wavelength between 1.95 and 1.96mm. Shown in Fig. 2, the
room-temperature cw lasing spectra of a 1.5 mm cavity QD
laser at different injection current, display some spectral fea-
tures with three or four broadened longitudinal modes with
mode spacing of 2.6 nm. Given an effective refractive index
of 3.4, the Fabry–Pe´rot longitudinal mode spacing should be
about 0.37 nm at wavelength of 1.95mm, there should be
6–7 Fabry–Pe´rot longitudinal modes within each broadened
longitudinal mode,3,13 which are not visible here due to the
resolution of the monochromator. This spectrum characteris-
tic is unique to QD lasers resulting from the presence of
noninteracting dots,14 which is more obvious at lower testing
temperatures such as 15 and 10 °C since the homogeneous
broadening is smaller at lower temperatures. From the spec-
tra in Fig. 2, the homogeneous and the inhomogeneous
broadening are estimated to be 1 and 3–5 meV, respectively,
which are small compared with those of InAs QD lasers at
1.3 mm on GaAs substrate14 and 1.67mm on InP previously
reported.6 Smaller size dots of InAs QD lasers on GaAs usu-
ally have large~in!homogeneous broadenings, while larger
size dots of long wavelength lasers on InP usually have
smaller~in!homogeneous broadenings. This broadening dif-
ference is believed at least partially a result of quantum size
effect of different size dots.

Figure 3 shows the single facet light output characteris-

tics versus current of a 1.5 mm cavity length laser operating
cw measured at different temperatures. At 10 °C, the thresh-
old current and threshold current density are about 55 mA
and 730 A/cm2, respectively, the single facet output power
exceeds 3 mW and the differential slope efficiency is about
13%, which is higher than that of InAs quantum-dash lasers
at 2.03mm7 but still much lower than that at 1.66mm.4 The
characteristic temperatureT0 is 35 K at temperatures below
15 °C and 20 K above 20 °C. With increasing temperature,
the differential slope efficiency decreases gradually to 11% at
20 °C then drops abruptly to about 3% at 25 °C, suggesting a
poor electron confinement as a result of Sb incorporation in
the QDs, even though the Sb composition in InAsSb QDs
has not been determined.

Another unique property of QD lasers is the very low
wavelength temperature sensitivity because of the inhomoge-
neously broadened transitions of the QD ensemble.15 Figure
4 plots lasing spectra at different temperature under injection
current of 1.6I th , as marked with filled circles in Fig. 3. The
wavelength of the dominate mode is extremely temperature
stable, the wavelength temperature sensitivity is as low as
0.05 nm/°C, which is even lower than that caused by the
refractive index change.16 The lasing line blueshift resulting
from the inhomogeneous nature of the QD ensemble, which

FIG. 1. 1mm31 mm atomic force microscopy scans of InAsSb QDs self-
assembled on~001! InP.

FIG. 2. Ground-state cw lasing spectra of a 1.5 mm cavity length laser
measured at various currents at 20 °C.

FIG. 3. Light vs current for a 1.5 mm cavity length laser without facet
coating measured at different temperatures. The filled-circles mark the in-
jection current at 1.6I th used to take spectra at Fig. 4.

FIG. 4. Lasing spectra for a 1.5 mm cavity length laser at injection current
of 1.6 I th at three different temperatures, showing a wavelength temperature
sensitivity of less than 0.05 nm/°C.
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compensates the redshift from the band gap shrinkage with
increasing temperature, is dependent on the slope of the
maximum modal gain functionG(E),15 therefore it is not
difficult to understand the extremely low temperature sensi-
tivity.

Accompanied with higher threshold current, switching
from the ground state to the excited state was observed on
most lasers of 1 mm cavity length and some of 1.5 mm
cavity length due to insufficient material gain from the
single-stack QDs. An energy separation of 13–17 meV was
determined for the excited and the ground states, which is
very similar to that of InAs QD lasers on InP previously
measured.6 Figure 5 shows lasing spectra both from the
ground state as well as the excited state at temperature of
10 °C. Further measurement in pulse operation will reveal
clearly the phenomenon that the ground state saturates then
the excited state dominates the spectrum at high injection
current, since any current higher than 140 mA in cw opera-
tion would lead significant heating and low both lasing in-
tensities.

In summary, we have reported the demonstration of

room-temperature cw operation of single-stack InAsSb self-
assembled QD lasers near 2mm based on~001! InP sub-
strate. The ridge lasers have a differential quantum efficiency
of 13% and a maximum output optical power of 3 mW per
facet with a threshold current density of 730 A/cm2 at room
temperature. A very low wavelength temperature sensitivity
of 0.05 nm/°C is observed.

The authors are grateful to Dr. Nikzad Toomarian for his
encouragement and support. The research described in this
letter was carried out at the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology, and was sponsored by the
Bio-Nano Program and the National Aeronautics and Space
Administration. The authors thank Dr. Rui Q. Yang for help-
ful discussions.

1D. L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, Appl.
Phys. Lett.73, 2564~1998!.

2K. Mukai, Y. Nakata, K. Otsubo, M. Sugawara, N. Yokoyama, and H.
Ishikawa, IEEE Photonics Technol. Lett.11, 1205~1999!.

3Y. Qiu, P. Gogna, S. Forouhar, A. Stintz, and L. Lester, Appl. Phys. Lett.
79, 3570~2001!.

4R. H. Wang, A. Stintz, P. M. Varangis, T. C. Newell, H. Li, K. J. Malloy,
and L. F. Lester, IEEE Photonics Technol. Lett.13, 767 ~2001!.

5R. Schwertberger, D. Gold, J. P. Reithmaier, and A. Forchel, IEEE Photo-
nics Technol. Lett.14, 735 ~2002!.

6Y. Qiu, D. Uhl, R. Chacon, and R. Q. Yang, Appl. Phys. Lett.83, 1704
~2003!.

7T. Rotter, A. Stintz, and K. J. Malloy~unpublished!.
8K. Suzuki and Y. Arakawa, Phys. Status Solidi B224, 139 ~2001!.
9A. Norman, N. Mason, M. Fisher, J. Richardson, A. Krier, P. Walker, and
G. Booker, Microscopy Semicond. Mater.157, 353 ~1997!.

10T. Utzmeier, P. A. Postigo, J. Tamayo, R. Garcia, and F. Briones, Appl.
Phys. Lett.69, 2674~1996!.

11Y. Qiu and D. Uhl~unpublished!.
12Y. Qiu and D. Uhl, J. Cryst. Growth257, 225 ~2003!.
13L. Harris, D. J. Mowbray, M. S. Skolnick, M. Hopkinson, and G. Hill,

Appl. Phys. Lett.73, 969 ~1998!.
14M. Sugawara, K. Mukai, Y. Nakata, K. Otsubo, and H. Ishikawa, IEEE J.

Sel. Top. Quantum Electron.6, 462 ~2000!.
15F. Klopf, S. Deubert, J. P. Reithmaier, and A. Forchel, Appl. Phys. Lett.

81, 217 ~2002!.
16G. Agrawal and N. Dutta,Semiconductor Lasers~Van Nostrand Reinhold,

New York, 1993!.

FIG. 5. cw lasing spectra of a 1.5 mm cavity length laser measured at
various currents at 10 °C, indicating possibly lasing from ground state and
excited state simultaneously.

265Appl. Phys. Lett., Vol. 84, No. 2, 12 January 2004 Qiu, Uhl, and Keo

Downloaded 24 May 2004 to 137.78.111.43. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


